Morphology control of one dimension (1D) nanomaterials is a pivotal issue in the field of nanoscience research to exploit their novel properties. Herein, we report the morphology controlled synthesis of 1D b-Sialon nanowires, nanobelts and hierarchical nanostructures via a thermal-chemical vapour deposition 
Introduction
One-dimensional (1D) nanostructured materials such as nanotubes, nanorods, nanowires and nanobelts have stimulated intense worldwide interest since the discovery of carbon nanotubes. 1, 2 To date, they have been successfully synthesized in different material systems, such as metal substances, 3 binary oxides, 4 suldes, 5 carbides, 6 nitrides 7 and multiple components.
8 Their unique geometries and excellent properties make them useful for promising applications ranging from nanoelectronics, 2b,c energy conversion and storage, 2d and lasers 7a to light/eld emission devices. 5a,6a,7b Pivotal to realizing their versatile applications is to rationally tailor the vital parameters of nanomaterials (e.g. chemical composition, structure, size and morphology). 9 The past few years have witnessed signicant advances in the morphology controlled synthesis of 1D nanomaterials including ZnO, Al 2 O 3 , InN and In 2 Ge 2 O 7 . , respectively. The substitutions only increase their crystal unit sizes instead of changing the crystal structures.
11 b-Sialons exhibit excellent properties such as high strength and hardness, good corrosion and oxidation resistances, and hence, their bulk materials have attracted considerable attention for engineering applications such as use as refractories, cutting materials, high performance ceramics, oxidation and corrosion resistant materials at high temperature in aerospace. 11, 12 Similar to the III-N compounds, b-Sialons also can be excellent host materials because of their high dopant concentration, good mechanical/thermal properties and chemical stability, and consequently, their nanostructures could be potentially used to build smart nanodevices used in high-temperature and radiation environments.
13 In recent years, considerable efforts have been made to synthesize 1D b-Sialon nanostructures, such as nanowires, 14 nanotubes 15 and nanobelts. 13a, 16 However, to our knowledge, the controlled growth of b-Sialon nanostructures with variable morphologies has not been achieved until now. According to the classical optical waveguide theory, waveguides of the nanostructures with different cross sections will display different transverse optical (TO) modes.
17 Therefore, it is necessary to characterize the luminescence properties of individual b-Sialon nanostructures.
In this work, the morphology-controlled growth of b-Sialon nanostructures, including nanowires, ultra-long nanobelts and hierarchical nanostructures, have been successfully achieved by a thermal-chemical vapour deposition (CVD) reaction of Si, Al, and Al 2 O 3 powders. Proper selections and optimization of the growth conditions (catalyst, temperature schedule) were the key factors in the morphology control. In most cases, the growth of 1D nanostructures at high temperatures could be best explained by vapour-liquid-solid (VLS) and vapour-solid (VS) mechanisms. Herein, apart from these two mechanisms for explaining the growth of b-Sialon nanowires and nanobelts, we propose a new mechanism, namely, the nucleation, growth and coalescence of nanobranches for explaining the growth of b-Sialon hierarchical nanostructures. The detailed growth mechanisms for the various b-Sialon nanostructures were discussed. Cathodoluminescence (CL) is one of the most widely used techniques to investigate optical properties of individual nanostructures because of its high spatial resolution and surface sensitivity.
18 So it was used to examine optical properties of various individual b-Sialon nanostructures, which are of benet not only for understanding the relationships among morphology, structure and luminescence properties of b-Sialon, but also for developing new generation nanodevices with tailorable or tunable photoelectric properties.
Experimental procedures
The syntheses of b-Sialon nanowires, nanobelts, and hierarchical nanostructures were based on the thermal CVD reaction of Si, Al, and Al 2 O 3 powders in a conventional horizontal tube furnace (the experimental setup is shown in Fig. 1 ). The raw material powders were weighed according to the composition of b-Sialon (Si 6Àz Al z O z N 8Àz ) with z ¼ 2, and mixed and milled for 1 h in a ball mill. In each run of the tests, 2 g of the mixed batch was loaded in a corundum boat placed in the centre of a long horizontal corundum tube inserted in an electric furnace. Morphology control of the nanostructures was realized by properly selecting the growth conditions shown in Fig. 1 and described in detail as follows. In a typical synthesis procedure of b-Sialon nanowire (Route 1 in Fig. 1 ), a graphite felt without any catalyst was used to cover the corundum boat, about 1 cm away from the raw materials. The tube was purged 5 times with N 2 to remove the air, and then heated from room temperature to 1450 C at 2 C min À1 and held for 3 h in owing N 2 (purity 99.999%).
The red samples were allowed to furnace-cool to room temperature at 3 C min À1 . For the b-Sialon nanobelts synthesis (Route 2 in Fig. 1 ), while keeping other experimental conditions invariant, a graphite felt coated with a 0.1 g L À1 nickel nitrate solution and dried in an oven at 100 C was used to cover the corundum boat for the growth of products. Regarding the synthesis of hierarchical nanostructures, this was achieved by changing the ring schedules (Route 3 in Fig. 1 ), i.e., initially ring the samples from ambient temperature to 1450 C at a rate of 2 C min À1 , holding for 1 h, and then raising the temperature to 1500 C at 2 C min À1 and holding for 2 h.
Phases in the products were identied using X-ray diffraction (XRD) (D8 Advance, Bruker-AXS, Germany). Their morphologies and microstructures were characterized using scanning electron microscopy (SEM, JEOL JSM-7001F, Japan) and highresolution transmission electron microscopy (HRTEM, FEITecnai-G 2 -F20, Philips, Netherlands). The energy dispersive X-ray spectroscopies (EDS, INCA) linked with the SEM and the HRTEM, along with selected area electron diffraction (SAED), were employed to assist the phase identication. Aer the phase and structure examinations, cathodoluminescence (CL) spectra from individual b-Sialon nanostructures were collected with a high-resolution CL system at an accelerating voltage of 20 kV and a current of 130 mA by using an ultrahigh vacuum scanning electron microscope (UHV-SEM) equipped with a Gemini electron gun (Omicron, Germany) and a CL detector (Gatan mono 3 plus). The pressure in the specimen chamber was 10 À3 Pa. All CL images and spectra were collected at room temperature under the same conditions to ensure a convincing comparison can be made.
Results and discussion

b-Sialon nanowire growth
Aer 3 h reaction at 1450 C, a white layer of product was visually seen on the graphite cover without any catalyst. The product was identied by XRD as hexagonal structured Si 4 Al 2 O 2 N 6 with lattice constants of a ¼ 7.643Å and c ¼ 2.945Å ( Fig. 2) , consistent with the JCPDS card no. 76-0599, space group P6 3 /m (no. 176). It is worth mentioning that the nanobelts and hierarchical nanostructures introduced later in this paper were all identied by XRD as the same hexagonal b-Sialon crystal phase. As-synthesized products displayed 1D-like structures ( Fig. 3a) , typically several hundred micrometres in length. Magnied SEM images ( Fig. 3b and c) further reveal that they actually were nanowires with circular cross sections (inset in Fig. 3b ) of 80-200 nm in diameter. They were composed of 30.5% Si, 15.2% Al, 13.7% O and 40.6% N (atomic ratio) as revealed by EDS (Fig. 3d ), corresponding to the stoichiometric composition of Si 4 Al 2 O 2 N 6 . The ripple-like contrast in some nanowires is due to the residual stress, which is normally observed in TEM studies.
19 An HRTEM lattice image of a typical b-Sialon nanowire (depicted in Fig. 4c ) reveals that the marked interplanar d-spacing was of ca. 0.662 nm, which corresponds to the (100) lattice plane of b-Sialon. The SAED pattern by inverse fast Fourier transform (FFT) (Fig. 4d ) from the nanowire reveals its single crystalline nature and the growth direction close to the [011] direction.
b-Sialon nanobelts growth
While b-Sialon nanowires were synthesized on a graphite felt without using a catalyst, nanobelts were successfully obtained on a graphite felt coated with a 0.1 g L À1 nickel nitrate solution.
Several millimetres-thick white uffy layers extending from the graphite felt surface were visually seen. A relatively lowmagnication SEM image ( Fig. 5a ) reveals that the product exhibited 1D-like structures and most of them were a few hundred microns long. High-magnication SEM images ( Fig. 5b and c ) further reveal that they were nanobelts with rectangular bodies and triangular tips (inset in Fig. 5d ). Statistical measurements (Fig. 5d ) based on the SEM images show that the as-synthesized nanobelts had widths ranging from 200 to 1300 nm (width/thickness ratios vary from 4 to 12) and presented a unimodal distribution with a peak range of 700-900 nm. Further details about the morphologies and crystal structures of the synthesized Sialon nanobelts can be provided by TEM and HRTEM, along with SAED. Fig. 6a and b show the typical belt-like geometry of the products, and each nanobelt had a uniform width along its length and a triangle tip at its growth front (inset in Fig. 6a ). The HRTEM lattice image (Fig. 6c ) reveals that the nanobelt possessed a perfect crystal structure with few defects, and the corresponding selected area electron diffraction (SAED) pattern (Fig. 6d) further veries its hexagonal single crystal structure. The marked lattice fringe d-spacing of 0.662 nm was in agreement with (100) plane of b-Sialon. The lattice fringe, along with the SAED pattern, suggest that [201] was the growth direction of the b-Sialon nanobelt.
By comparing the test results of the above two sections, it is notable that the products grown on the graphite felt without catalyst were b-Sialon nanowire-like structures (Fig. 3) , whereas those grown on the nickel nitrate deposited graphite felt were bSialon nanobelts (Fig. 5 ). This reveals that the nickel nitrate played a critical role in the growth process of the b-Sialon nanobelts. Fig. 7a shows the catalyst particles formed on the graphite felt which was originally coated with nickel nitrate solution and then heated at 1450 C for 5 min. In order to further identify the effect of catalyst, some short b-Sialon nanobelts which are believed to have just started to grow from the underside of the graphite felt were characterized. As shown in Fig. 7b , b-Sialon nanobelts nucleated and grew in bunches on the graphite felt seemingly in a "weed growth" mode. EDS ( Fig. 7d-i) nds that their main bodies and tips contained only Si, Al, O and N but did not contain any Ni, suggesting that the overall growth process of b-Sialon nanobelts may not have been governed by the well documented vapour-liquid-solid (VLS) tipgrowth mechanism. 20 Interestingly, around the roots of the short nanobelts (marked by the dotted ring in Fig. 7c ), Ni was detected (Fig. 7d-ii) , implying that Ni provided a site for the initial nucleation and successive growth of b-Sialon nanobelts. The involved new growth mechanisms will be discussed in detail later.
b-Sialon hierarchical nanostructures growth
An even more interesting thing is that the two-generation hierarchical nanostructures could be produced without using a catalyst by only controlling the heating scheme, i.e., initially at 1450 C for 1 h and then at 1500 C for 2 h. Fig. 8a shows an SEM image of the products. Large amounts of wire-like features of several tens to hundreds microns in length were observed. A close examination of the SEM images reveals that the wire-like features were composed of two-generation hierarchical nanowires and nanobelts (ESI, Fig. S1a and b †) . Upon closer inspection, several kinds of morphologies at various growth stages can be found among these b-Sialon hierarchical nanostructures ( Fig. 8b-f) . A dendrite-like nanostructure was composed of a rst generation (1G) nanowire stem with numerous second-generation (2G) nanobranches on two opposite sides of the stem (Fig. 8b and c) . The 2G nanobranches grew almost perpendicularly on the 1G nanowires and exhibited an aligned growth along the longitudinal axis. They grew along the axial direction of the stem and met with each other forming boundaries ( Fig. 8d and e) . The number of such boundaries was gradually reduced, suggesting the merging of different nanobranches, and nally a belt-like hierarchical nanostructure was formed (Fig. 8f) . The growth manner depicted in Fig. 8 is very interesting. The structures with nanobranches have been observed previously in many material systems, 21 in which the branches always grew longer along the direction perpendicular to the length direction of the stem to form a feather-like morphology. In contrast, the nanobranches in the current study grew initially perpendicularly but subsequently parallel to the length direction of the stem. The belt-like hierarchical nanostructures reported here were formed by the growth and merging of nanobranches rather than by the epitaxial growth of nuclei discussed above and reported previously. 2a,7,13 To further understand these issues, detailed analysis of the b-Sialon hierarchical nanostructures was carried out by TEM and HRTEM (Fig. 9) . TEM images indicate that 1G nanowires (as shown by the yellow dotted arrows) penetrated through nanobranches or nanobelts (Fig. 9a-d) . HRTEM images of Fig. 9b and c are recorded from the areas that connected the stem and the nanobranches (areas b and c marked in Fig. 9a ). The darker contrast of the stem suggested that it was much thicker than the nanobranches. Upon very close observation, the lattice fringes with d-spacing of 0.276 nm corresponding to the (101) lattice planes in the bilateral branches were nearly the same as those in stems though the crystalline extent in the stems was higher than that in the branches. Fig. 9e and f are the HRTEM images of areas (e and f) marked in Fig. 9d , indicating that the nanobranches formed in the early stage subsequently joined together along the stem growth direction leaving boundaries and notches. The marked interplanar d-spacings almost matched among the conjoined branches, which were ca. 0.662 nm corresponding to the (100) lattice planes. Both these lattice fringes and inverse FFT patterns reveal that the growth direction of the stem was along [100] . And the nanobranches formed on AE(001) surfaces of the stem, initially grew along [001] and subsequently along [100], i.e., parallel to the axial direction of the stem, leading to the widening growth of the nanobranches. EDS results (ESI, Figs. S1b and c †) reveal that the nanobranch and the stem possessed a homogeneous nucleation. Based on the analysis above, the formation of b-Sialon hierarchical nanostructures could be regarded as the two-dimensional nucleation and atom stacking along certain crystallographic directions. Their formation mechanism will be discussed later.
Growth mechanism
In the growth mechanisms of 1D nanostructures prepared by thermal-CVD method explained previously, the involvement of vapour phase was necessary and played an important role in their formation process. In this work, although the growth conditions of three samples were distinct, the vapour phases involved should be generated from the raw materials of Si, Al and Al 2 O 3 via the same following reactions:
However, the growth mechanisms of as-synthesized b-Sialon nanowires, nanobelts and hierarchical nanostructures should be diverse depending on different growth conditions, which could be schematically illustrated in Fig. 10 and discussed in the following sections.
VS mechanism for the as-synthesized b-Sialon nanowires. For the as-synthesized Sialon nanowires formed at 1450 C without catalyst assistance, the formation process was governed by the so-called VS mechanism. Firstly, the raw materials were reacted or vapourized into gaseous phases (eqn (1)- (3), Fig. 10Ia ), then the gaseous phases were transported and condensed on the graphite felt to nucleate the b-Sialon seeds (eqn (4), Fig. 10Ib ) which grew continuously and nally formed the b-Sialon nanowires (Fig. 10Ic) .
VLS-base and VS-tip mechanisms for the as-synthesized bSialon nanobelts. The results and analysis in Section 3.2 reveal that the deposition of Ni(NO 3 ) 2 was crucial in the b-Sialon nanobelt growth process. Upon heating to 260 C, Ni(NO 3 ) 2 would start to decompose and form NiO particles on the graphite felt (eqn (5)). 23 With further heating, the formed NiO particles would be reduced to small Ni particles by carbon from the graphite felt surface (eqn (6), Fig. 7a and 10IIa) , which would offer catalytically active sites for the subsequent nucleation and growth of the b-Sialon nanobelts.
At the test temperature (1450 C), the generated vapour phases from the reactions (1)- (3) could interact with nitrogen and the Ni particles, forming eutectic Ni-Si-Al-O-N liquid droplets (Fig. 10IIb) . When the composition of Si-Al-O-N in droplets became supersaturated, the nucleation would start, and would then followed by the formation of proto-nanobelts of b-Sialon (eqn (7), Fig. 10IIc ). To form these proto-nanobelts instead of nanowires, the initial growth along the width direction should be quicker than in the thickness direction, but the growth in the two directions would stop aer some time due to the limited-size constraint of the liquid droplets. 24 Thus, aer the formation of the nanobelt-templates, the successive growth only along the length direction would be favored. In this case, the growth would be sustained by the continuous dissolution of Si, Al, O and N into the liquid droplets. Such a VLS base-growth mechanism instead of the VLS tip-growth mechanism is supported by the presence of nickel detected in the roots of the nanobelts rather than in their tips (Fig. 7c,d and 10IId ). For the VLS base-growth mechanism to function, strong bonding between the catalyst and the substrate is required. 25 In the present case, Although the interaction between Ni and the graphite felt was not fully understood, the bonding between them should be strong, considering the good wettability of liquid Ni on graphite (with a contact angle of 45 ) 26 and the good connection between the b-Sialon nanobelt root and the graphite felt (Fig. 7c) . In addition, considering the triangular tips of the nanobelts ( Fig. 5d and 7c) , the VS-tip mechanism also could have contributed to the growth of the long b-Sialon nanobelts, aer they had grown out from the droplets (Fig. 10IId) . In this, those gaseous phases and N 2 diffused directly to the tips and react to form in situ b-Sialon there (eqn (8)), which additionally contributes to the accelerated growth of the b-Sialon nanobelts along its length direction. In brief, the combined VLS-base growth and VS tip-growth mechanisms are responsible for the growth of the long single crystal Sialon nanobelts in the present work (Fig. 10IIe) .
SiO (g) + Al 2 O (g) + 3Si (g) + 3N 2(g) / Si 4 Al 2 O 2 N 6(s) (tip-growth)(8)
VS and NGCB mechanisms for the as-synthesized b-Sialon hierarchical nanostructures. Based on the analysis in Section 3.3, the b-Sialon hierarchical nanostructures could be obtained without using any catalyst by only controlling the heating scheme. The mechanisms governing the formation process will now be discussed. Previous theory and investigations have shown empirically that the possibility of two-dimensional (2D) nucleation on a whisker/wire surface is related to the surface energy of the crystal, temperature, and supersaturated ratio of vapour, expressed by the following equation:
where P N is the nucleation probability, B a constant, s the surface energy of the whisker, k the Boltzmann constant, T the absolute temperature and a the supersaturation ratio dened by a ¼ p/p 0 (usually a > 1), where p is the actual vapour pressure, and p 0 the equilibrium vapour pressure corresponding to temperature T. According to eqn (9), a lower surface energy implies a greater probability for the 2D nucleation. In other words, the surface areas of the low energy surfaces tend to increase in order to minimize the total surface energy. In the present work, although the exact surface energies of b-Sialon in the different crystal planes are unknown, their relative values should be similar to those of b-Si 3 N 4 because of their same crystal structures. Generally, b-Si 3 N 4 has a higher surface energy along the (001) than along the (100), thus, the material preferably grows along the [001] direction to minimize the total energy by minimizing the total surface area of the (001) plane . 28 Therefore, the (001) theoretically is the preferred plane for 2D nucleation of the bSialon nanobranches. On the other hand, as indicated by eqn (9), a lower temperature and smaller supersaturation ratio facilitate the growth of wire-like structures. In contrast, a higher temperature and larger supersaturation ratio promote the 2D nucleation, leading to the formation of sheet-like structures.
24
Therefore, aer comparing the results in Section 3.1 with Section 3.3, we here advance an explanation for the growth of assynthesized b-Sialon hierarchical nanostructures, i.e., the onegeneration (1G) nanowires (stems) should initially generate at the lower temperature of 1450 C for 1 h, then the two-generation (2G) nanobranches might nucleate and grow on the 1G stems at the elevated temperature of 1500 C for 2 h.
Hence, we propose the growth of the b-Sialon hierarchical nanostructures could be separated into two stages. The rst stage was a fast growth of b-Sialon 1G nanowires (stems) at 1450 C by VS mechanism, as already stated above (Fig. 10I) . The second stage was the nucleation, growth and coalescence of bSialon 2G nanobranches (NGCB) at a higher temperature of 1500 C, as shown in Fig. 10III . To begin with, the 2G nanobranches would nucleate and grow via the aggregation of nitrogen and vapours generated from reaction (1)- (3) onto the (001) surface of the trunk b-Sialon nanowires (Fig. 8b,c and  10IIIa ). Then those nanobranches grew parallel along the axial direction of the stem, resulting in the widening growth of the nanobranches (Fig. 8d, 9a and 10IIIb) . Last, when the widened branches met each other, the geometrical coalescence between two neighbored branches would occur, leaving boundaries and notches (Figs. 8e, 9d-f and 10IIIc). These combined VS and NGCB mechanisms could be used to explain the formation of the long b-Sialon hierarchical nanostructures and verify the novelty of the technique developed in this work.
Cathodoluminescence properties
In order to investigate the optical properties of individual Sialon nanowires, nanobelts and hierarchical nanostructures, their CL spectra were recorded at room temperature. Fig. 11 presents their SEM images, CL images and spectra. All of the Sialon nanostructures demonstrated a violet/blue emission centered at $390 nm (3.18 eV) and a red emission centered at $728 nm (1.70 eV). Ching et al. 29 previously made the rst principles band structure calculations of b-Sialon. They pointed out that substituting Al-O for Si-N resulted in the formation of impuritylike states in the upper portion of the band-gap, which brought b-Sialons with different solute concentrations a signicant decrease in the band-gap from 4.2 eV (z ¼ 0) to 1.3 eV (z ¼ 4). When a pair of (Al, O) atoms is substituted for a pair of (Si, N) atoms, the electron density of states becomes more complex due to the introduction of the Al-N, Al-O and Si-O bonds, which affects the lowest conduction band, and is responsible for the reduction in the band gap.
28 Herein, the emission centered at $390 nm of b-Sialon with z z 2 should be ascribed to the near band edge (NBE) emission, while the emission centered at $728 nm could be assigned to the deep level (DL) emission, which is related to structural defects and impurities. Such different DL/ NBE luminescent mechanisms responsible for different emission ranges are not limited to Sialon in this study, but are also applicable to the cases of other nanostructures such as ZnO and CdS nanostructures, as discussed previously.
18a,c,30
The interesting thing is that the CL intensity of the b-Sialon nanowire was lower than that of the b-Sialon nanobelt or hierarchical nanostructure. In our CL measurements, the penetration depth of the injected electrons could reach hundreds of nanometres, or even several micrometres, under an accelerating voltage of 20 kV. Thus, the b-Sialon nanobelt and hierarchical nanostructure with bigger surfaces indicated higher intensity than the nanowires. An even more exciting thing is that the red emission band was the predominant emission in the b-Sialon nanowire with the intensity ratio of deep level to near band edge emission (I DL /I NBE ) of $2.91, whereas the relative intensity of the two emission bands varied greatly, and the violet/blue emission band came to dominate the emission with the ratio of I DL /I NBE of $0.50 for the nanobelt, and of $0.30 for the hierarchical nanostructure. The different luminescent properties of the three nanostructures are understandable. A similar phenomenon has been observed before for the ZnO nanostructures by Shalish et al. 30a In that case, the ratio of I DL /I NBE decreased with increasing the size of the ZnO nanostructures. In this case, it should be attributed to the size and surface effects, i.e., the DL emission is the primary emission in the small size/surface nanowires, while the NBE emission becomes dominant in large size/surface nanobelts and hierarchical nanostructures.
Conclusion
Morphology controlled 1D b-Sialon nanowires, nanobelts and hierarchical nanostructures were synthesized by properly selecting and optimizing the growth conditions (e.g., catalyst, temperature schedule) via a thermal-chemical vapour deposition method. When a catalyst was absent, only the b-Sialon nanowires grew on the graphite felt at 1450 C for 3 h. On the other hand, when a nickel nitrate catalyst was present, b-Sialon nanobelts instead would grow on the graphite felt under identical ring conditions. In addition, two-generation b-Sialon hierarchical nanostructures could be produced without using a catalyst by only controlling the heating scheme, i.e., initially 1450 C for 1 h and then at a higher temperature of 1500 C for 2 h. The b-Sialon nanowires, nanobelts, and hierarchical nanostructures grew via VS, a combination of VLS-based and VS-tip, and a combined mechanism of VS for 1G nanowires along with subsequent nucleation, growth and coalescence of 2G nanobranches (NGCB) mechanisms, respectively. The cathodoluminescence technique was used to characterize the luminescence properties of an individual b-Sialon nanowire, nanobelt and hierarchical nanostructure. All nanostructures showed two distinct emission peaks, i.e., the violet/blue emission centered at $390 nm (3.18 eV) and the red emission centered at $728 nm (1.70 eV). The former could be ascribed to the near band edge (NBE) emission, and the latter could be assigned to the deep level (DL) emission. The DL emission was the primary emission in the individual b-Sialon nanowire, while the NBE emission became dominant in individual nanobelt and hierarchical nanostructures as a result of the size and surface effects. The as-synthesized controlled b-Sialon nanostructures could nd potential applications in future optoelectronic nanodevices because of their interesting optical properties.
